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METHODS OF FRACTURING HIGH TEMPERATURE SUBTERRANEAN 
ZONES AND FOAMED FRACTURING FLUIDS THEREFOR 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

[0001] 1 The present invention relates to improved methods of fracturing high temperature 
subterranean zones and viscous aqueous foamed fracturing fluids therefor. 

2. DESCRIPTION OF THE PRIOR ART 

[0002] A treatment commonly utilized for stimulating hydrocarbon production from a 

subterranean zone penetrated by a well bore is hydraulic fracturing. In a hydraulic 
fracturing treatment, a viscous treating fluid, referred to in the art as a fracturing fluid, is 
pumped through the well bore into the subterranean zone to be stimulated at a rate and 
pressure such that fractures are formed and extended in the subterranean zone. A portion 
of the fracturing fluid has proppant particles suspended therein which are carried into 
and deposited in the formed fractures when the viscous fracturing fluid is broken and 
recovered. The proppant particles function to prevent the foamed fractures from closing 
whereby conductive channels are formed through which produced fluids can flow to the 
well bore. The breaking of the fracturing fluid, i.e., the reduction in the viscosity of the 
fracturing fluid whereby it can be recovered, is accomplished by adding a delayed 
breaker to the fracturing fluid prior to pumping it into the subterranean zone. The 
delayed breaker effects a controlled reduction in the viscosity of the fracturing fluid so 
that the proppant particles therein are deposited in the fractures and the fracturing fluid is 
recovered. 



[0003] Viscous aqueous foamed fracturing fluids have been utilized heretofore. The 

benefits of using foamed fracturing fluids instead of non-foamed fracturing fluids are 
many including reduced leak off of the fracturing fluid into permeable formations, less 
damage to the subterranean zone being fractured as a result of polymer residue entering 
the zone permeability and/or the proppant particle packs formed in the fractures, and 
lower density of the fracturing fluid which facilitates the flow back of the fluid after its 
viscosity has been reduced. 

[0004] The gases utilized in forming foamed fracturing fluids have primarily been 

nitrogen, carbon dioxide and mixtures thereof. Carbon dioxide becomes more 
economical to use in wells having greater depths and correspondingly higher 
temperatures and pressures. When nitrogen is utilized in a foamed fracturing fluid at 
high pressures, greater quantities of nitrogen must be compressed to maintain a high 
quality foam. Carbon dioxide, on the other hand, is pumped as a liquid or a very dense 
gas so that it does not require as much compression in high pressure wells as nitrogen. 
In addition, the density of carbon dioxide allows it to be pumped at lower well head 
pressures than nitrogen. 

[0005] Carbon dioxide foamed fracturing fluids have heretofore been utilized in 

subterranean zones having temperatures up to about 400°F. However, the viscosity of a 
foamed fracturing fluid is dependent upon the liquid phase thereof and the viscous 
liquids utilized heretofore have generally been unstable at temperatures above about 
300°F. Aqueous gelled liquids containing gelling agents such as guar, 
hydroxypropylguar and carboxymethylhydroxypropylguar lose viscosity by thermal 
thinning and become hydrolytically unstable above about 350°F. Also, at 3 SOT and 
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above, the heretofore used carbon dioxide foamed fluids have not had good proppant 
particle carrying capability. 

[0006] Thus, there are continuing needs for improved carbon dioxide foamed fracturing 

fluids that maintain their viscosities at temperatures up to 400°F and higher and have 
good proppant particle carrying ability. 

BRIEF DESCRIPTION OF THE DRAWING 

[0007] In the drawing, a graph of viscosity versus temperature is presented showing the 

stability of an aqueous foamed fracturing fluid of the present invention as compared to 
an aqueous foamed fracturing fluid of the prior art. 

SUMMARY OF THE INVENTION 

[0008] The present invention provides improved methods of fracturing subterranean 

zones and improved viscous aqueous foamed fracturing fluids that function at 
temperatures up to and above 400°F and do not suffer from a lack of thermal stability, 
proppant particle carrying ability and the like. The viscous aqueous foamed fracturing 
fluids of this invention are basically comprised of water, a terpolymer of 2-acrylamido- 
2-methylpropane-sulfonic acid, acrylamide and acrylic acid or salts thereof, a gas, a 
foaming agent and a delayed viscosity breaker for effecting a controlled reduction in the 
viscosity of the fracturing fluid. The methods of the present invention are basically 
comprised of the steps of pumping a viscous aqueous foamed fracturing fluid as 
described above into a subterranean zone at a rate and pressure sufficient to fracture the 
zone and recovering the fracturing fluid from the zone. 

[0009] As mentioned, the improved methods and foamed fracturing fluids of this 

invention can be utilized in subterranean zones having temperatures up to and above 
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400°F while retaining good stability and proppant carrying capability. The foamed 
fracturing fluids of this invention are rapidly cross-linked using known cross-linkers and 
can be readily mixed on-the-fly. Further, the foamed fracturing fluids of this invention 
can be used without significant damage to the permeability of the fractured subterranean 
zone or proppant particle packs in the fractures, readily flow back after the viscosities of 
the fluids have been broken and are more economical to use at high temperatures and 
pressures. 

[0010] The objects, features and advantages of the present invention will be readily 

apparent to those skilled in the art upon a reading of the description of preferred 
embodiments which follows. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

[0011] The methods of this invention for fracturing a subterranean zone penetrated by a 

well bore having a temperature up to and above 400°F comprise the steps of pumping a 
viscous aqueous foamed fracturing fluid into the subterranean zone at a rate and pressure 
sufficient to fracture the zone and recovering the fracturing fluid from the zone. 

[0012] The viscous aqueous foamed fracturing fluids of the invention are basically 

comprised of water, a water viscosity increasing terpolymer of 2-acrylamido-2- 
methylpropane-sulfonic acid, acrylamide and acrylic acid or salts thereof, a gas, a 
foaming agent and a delayed viscosity breaker for effecting a controlled reduction in the 
viscosity of the fracturing fluid. 

[0013] The water utilized in the fracturing fluids can be fresh water or salt water. The 

term "salt water" is used herein to mean unsaturated salt solutions including brine and 
sea water. 
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[0014] The water viscosity increasing terpolymer comprising 2-acrylamido-2- 

methylpropane-sulfonic acid (hereinafter also referred to as "AMPS®"), acrylamide and 
acrylic acid or salts thereof hydrates in the presence of water to form a gel that can be 
rapidly cross-linked by metal ions. The "AMPS®" is present in the terpolymer in an 
amount in the range of from about 15 weight % to about 80 weight %. The acrylamide 
is present therein in an amount in the range of from about 20 weight % to about 85 
weight % and the acrylic acid or salts thereof are present in an amount in the range of 
from about 0.1 weight % to about 10 weight %. More preferably, the terpolymer is 
formed of 60 weight % of "AMPS®", 39.5 weight % of acrylamide and 0.5 weight % of 
acrylic acid or salts thereof. The terpolymer is generally included in the fracturing fluid 
in an amount in the range of from about 0.2% to about 2.0% by weight of water therein, 
more preferably in an amount of from about 0.5% to about 1.0% and most preferably 
about 0.75%. 

[0015] While various gases can be utilized for foaming the viscous aqueous fracturing 

fluid of this invention, nitrogen, carbon dioxide and mixtures thereof are preferred. Of 
these, carbon dioxide is the most preferred. The gas is present in the viscous aqueous 
foamed fracturing fluid in an amount in the range of from about 5% to about 95% by 
volume of the water therein, more preferably in the range of from about 20% to about 
70%. 

[0016] Examples of foaming agents that can be utilized to foam and stabilize the viscous 

aqueous foamed fracturing fluid include, but are not limited to, C8-C22 
alkylamidobetaines such as cocoamidopropyl betaine, alpha-olefin sulfonate, 
trimethyltallowammonium chloride, C8-C22 alkylethoxylate sulfate and 
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trimethylcocoammonium chloride. Of these, cocoamidopropyl betaine is preferred. The 
foaming agent is generally present in the foamed fracturing fluid in an amount in the 
range of from about 0.1% to about 2.0% by weight of the water therein, more preferably 
in an amount of from about 0.2% to about 1.0% and most preferably about 0.6%. 
[0017] In order to bring about a controlled reduction in the viscosity of the viscous 

aqueous foamed fracturing fluid after the fracturing fluid containing proppant particles 
has been placed in the formed fractures, a viscosity breaker is included in the foamed 
fracturing fluid. While a variety of breakers known to those skilled in the art can be 
utilized, a preferred breaker for use in accordance with the present invention is sodium 
bromate. When required, the sodium bromate breaker can be delayed by encapsulating it 
in a material which slowly releases the breaker in the fracturing fluid. Examples of 
encapsulating materials that can be used include, but are not limited to, particulate 
porous materials such as precipitated silica, alumina, zeolites, clays and hydrotalcites. 
Slowly permeable materials can also 'be utilized such as EPDM rubber, polyvinylidene 
chloride (PVDC), nylon, waxes, polyurethanes and cross-linked partially hydrolyzed 
acrylics. The viscosity breaker is present in the foamed fracturing fluid in an amount in 
the range of from about 0.005% to about 1.0% by weight of water therein, more 
preferably in an amount of from about 0.2% to about 0.5% and most preferably about 
0.35%. 

[0018] The viscous aqueous foamed fracturing fluid can optionally include a cross- 

linking agent for cross-linking the above described terpolymer and increasing the 
viscosity of the aqueous fluid. Examples of metal ions that can be used include titanium 
ions, zirconium ions, and hafnium ions. The metal ion is added to the fracturing fluid in 
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the form of a metal ion releasing compound. Examples of the metal ion releasing 
compounds that can be utilized include, but are not limited to, 
titanium(IV)(triethanolaminato)isopropoxide, tetrakis(triethanolaminato)zirconium(IV) 
and hafhium(IV)acetylacetonate. Of these, the most preferred cross-linking metal ion 
releasing compound is tetrakis(triethanolaminato)zirconium(IV). When used, the metal 
ion releasing compound utilized is included in the fracturing fluid in an amount in the 
range of from about 0.02% to about 0.8% by weight of water therein, more preferably in 
an amount of from about 0.4% to about 0.6% and most preferably about 0.5%. 

[0019] In order to achieve and maintain the viscosity of the viscous aqueous foamed 

fracturing fluid at its highest level, a pH buffer can optionally be included in the viscous 
aqueous foamed fracturing fluid. The buffer utilized should maintain the fracturing fluid 
pH in the range of from about 4 to about 6. While various buffers can be utilized, a 
particularly suitable buffer is an acetic acid-acetate buffer. When used, the buffer is 
included in the fracturing fluid in an amount in the range of from about 0.1% to about 
1.0% by weight of water therein, more preferably in an amount of about 0.5%. 

[0020] A method of the present invention for fracturing a subterranean zone penetrated 

by a well bore having a temperature up to and above 400°F comprises the following 
steps. A viscous aqueous foamed fracturing fluid is pumped into the subterranean zone 
at a rate and pressure sufficient to fracture the zone. The viscous aqueous foamed 
fracturing fluid comprises water, a water viscosity increasing terpolymer of 2- 
acrylamido-2-methylpropane-sulfonic acid, acrylamide and acrylic acid or salts thereof, 
a gas, a foaming agent and a viscosity breaker for effecting a controlled reduction in the 
viscosity of the fracturing fluid. Thereafter, the fracturing fluid is recovered from the 
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subterranean zone. The viscous aqueous foamed fracturing fluid can optionally include 
a cross-linking agent and a buffer for maintaining the pH of the fracturing fluid in the 
range of from about 4 to about 6. The components of the fracturing fluid utilized in 
accordance with the above described method are present in the same amounts as those 
described above. 

[0021] A particularly suitable method of this invention for fracturing a subterranean zone 

penetrated by a well bore having a temperature up to and above 400T comprises the 
following steps. A viscous aqueous foamed fracturing fluid is pumped into the 
subterranean zone by way of the well bore at a rate and pressure sufficient to fracture the 
zone. The viscous aqueous foamed fracturing fluid comprises water, a terpolymer 
formed of 60 weight % of "AMPS®", 39.5 weight % of acrylamide and 0.5 weight % of 
acrylic acid or salts thereof present in the foamed fracturing fluid in an amount of about 
0.75% by weight of water therein, a tetrakis(triethanolaminato)zirconium(IV) cross- 
linking agent present in the foamed fracturing fluid in an amount of about 0.5% by 
weight of water therein, a carbon dioxide gas present in the foamed fracturing fluid in an 
amount in the range of from about 20% to about 70% by volume of the water therein, a 
cocoamidopropyl betaine foaming agent present in the foamed fracturing fluid in an 
amount of about 1.0% by weight of water therein, a sodium bromate viscosity breaker 
present in the foamed fracturing fluid in an amount of about 0.1% by weight of water 
therein, and an acetic acid-acetate buffer present in the foamed fracturing fluid in an 
amount of about 0.5% by weight of water therein. Thereafter, the fracturing fluid is 
recovered from the subterranean zone. 
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[0022] A preferred method of this invention for fracturing a subterranean zone penetrated 

by a well bore having a temperature up to and above 400T comprises the steps of: (a) 
pumping a viscous aqueous foamed fracturing fluid into the subterranean zone at a rate 
and pressure sufficient to fracture the zone, the aqueous foamed fracturing fluid 
comprising water, a water viscosity increasing terpolymer of 2-acrylamido-2- 
methylpropane-sulfonic acid, acrylamide and acrylic acid or salts thereof, a gas, a 
foaming agent and a delayed viscosity breaker for effecting a controlled reduction in the 
viscosity of the fracturing fluid; and (b) recovering the fracturing fluid from the 
subterranean zone. 

[0023] Another preferred method of this invention for fracturing a subterranean zone 

penetrated by a well bore having a temperature up to and above 400°F comprises the 
steps of: (a) pumping a viscous aqueous foamed fracturing fluid into the subterranean 
zone at a rate and pressure sufficient to fracture the zone, the aqueous foamed fracturing 
fluid comprising water, a terpolymer of 60 weight % of 2-acrylamido-2-methylpropane- 
sulfonic acid, 39.5 weight % of acrylamide and 0.5 weight % of acrylic acid or salts 
thereof present in the foamed fracturing fluid in an amount of about 0.75% by weight of 
the water therein, carbon dioxide gas present in the foamed fracturing fluid in an amount 
of from about 20% to about 70% by volume of the water therein, a cocoamidopropyl 
betaine foaming agent present in the foamed fracturing fluid in an amount of about 0.6% 
by weight of the water therein and a sodium bromate viscosity breaker present in the 
foamed fracturing fluid in an amount of about 0.35% by weight of the water therein; and 
(b) recovering the fracturing fluid from the subterranean zone. 
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[0024] A preferred viscous aqueous foamed fracturing fluid of this invention for 

fracturing a subterranean zone penetrated by a well bore comprises: water; a terpolymer 
of 2-acrylamido-2-methylpropane-sulfonic acid, acrylamide and acrylic acid or salts 
thereof; a gas; a foaming agent; and a viscosity breaker for effecting a controlled 
reduction in the viscosity of the fracturing fluid. 

[0025] Another preferred viscous aqueous foamed fracturing fluid of this invention for 

fracturing a subterranean zone penetrated by a well bore comprises: water; a terpolymer 
of 60 weight % of 2-acrylamido-2-methylpropane-sulfonic acid, 39.5 weight % of 
acrylamide and 0.5 weight % of acrylic acid or salts thereof present in the foamed 
fracturing fluid in an amount of about 0.75% by weight of the water therein; carbon 
dioxide gas present in the foamed fracturing fluid in an amount in the range of from 
about 20% to about 70% by volume of the water therein; a cocoamidopropyl betaine 
foaming agent present in the foamed fracturing fluid in an amount of about 0.6% by 
weight of the water therein; and a sodium bromate viscosity breaker present in the 
foamed fracturing fluid in an amount of about 0.35% by weight of the water therein. 

[0026] In order to further illustrate the methods and fracturing fluids of the present 

invention, the following examples are given. 

EXAMPLE 

[0027] A viscous aqueous foamed fluid of the present invention (hereinafter referred to 

as "FOAMED FLUID A") having a viscosity of about 25 cP was prepared in the 
laboratory comprising water, a water viscosity increasing terpolymer of 60 weight % 2- 
acrylamido-2-methylpropane-sulfonic acid ("AMPS®"), 39.5 weight % acrylamide and 
0.5 weight % of acrylic acid or salts thereof present in an amount of 0.45% by weight of 
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the water, and a cocoamidopropyl betaine foaming agent present in an amount of 1.5% 
by weight of the water. Gas was added to the above water to generate a foam, the gas 
having a composition of 50% carbon dioxide, 20% nitrogen and 30% water. 
[0028] A prior art aqueous foamed fluid (hereinafter referred to as "FOAMED FLUID 

B") having a viscosity of about 34 cP was prepared comprising water, a water viscosity 
increasing carboxymethylhydroxypropylguar polymer present in an amount of 0.48% by 
weight of the water, and a cocoamidopropyl betaine foaming agent present in an amount 
of 1.0% by weight of the water. Gas was added to the above water solution to generate a 
foam, the gas having a composition of 50% carbon dioxide, 20% nitrogen and 30% 
water. 

[0029] Each of the viscous foamed fluids was placed and circulated in a recirculating 

flow loop viscometer wherein the viscosity of the fluid was continuously determined and 
plotted on a graph of viscosity versus temperature as the fluid was heated to about 
300T. The graph produced is shown in the drawing attached hereto. 

[0030] As shown in the drawing, FOAMED FLUID A of this invention and FOAMED 

FLUID B of the prior art showed good stability to about 225°F. Thereafter, FOAMED 
FLUID B became unstable while FOAMED FLUID A continued to show very good 
stability to over 300°F. That is, as the temperature approached 300°F, the viscosity of 
FOAMED FLUID A exceeded the viscosity of FOAMED FLUID B and remained 
stable. 

[0031] The recirculating flow loop viscometer utilized was limited in temperature to 

about 300T. However, a stirring autoclave was used to qualitatively evaluate the foam 
stability of FOAMED FLUID A to a higher temperature. The results indicated that 
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FOAMED FLUID A remained stable up to about 400°F and depending on the particular 
foaming agent utilized will remain stable to as high as SOOT. 

[0032] Thus, the present invention is well adapted to carry out the objects and attain the 

ends and advantages mentioned as well as those which are inherent therein. While 
numerous changes may be made by those skilled in the art, such changes are 
encompassed within the spirit of this invention as defined by the appended claims. 

[0033] What is claimed is: 



-12- 



